A set of fertilizer experiments were conducted during three growing seasons with the aim of establishing sufficiency ranges and crop nutrient removals for Melissa officinalis L. Critical nutrient concentrations were determined by the Cate-Nelson method or by removing 10% of extreme high and low values, respectively if a positive response to a given nutrient was recorded or not. Sufficiency ranges for macro, micronutrients, and SPAD-readings were set as: 27.0-40.0 g N kg
Introduction
Lemon balm is a perennial herbaceous plant of the Lamiaceae family native to Central and Southern Europe, North Africa, and Central Asia (Babulka 2005) . The leaves of lemon balm have a mild lemon scent which makes the plant useful as a flavoring in dishes, ice cream, and herbal teas. The essential oil is also very popular in aromatherapy (Babulka 2005; Sodr e et al. 2012) . Lemon balm has been prescribed for several medicinal uses such as the treatment of disorders of the gastrointestinal tract, as an anxiolytic agent, and against viral infections (Gr€ unwald and J€ anicke 2009; Cunha, Nogueira, and Roque 2012) . Its use as an insect repellent has also been reported (Ashori, Hamzeh, and Amani 2011) .
The use of lemon balm in folk medicine and its multiple perceived health benefits have led to intense research activity in the fields of phytotherapy and pharmacognosy. Several studies have been conducted to evaluate the chemical composition of lemon balm (Pereira et al. 2014) , its anxiolytic activity (Vafaei et al. 2005; Taiwo et al. 2012) , and nutraceutical and antioxidant properties (Dias et al. 2012; Luño et al. 2015) as well as its potential as an antimicrobial (Stanojevic et al. 2010; Rabbani et al. 2016 ), a neuroprotective (L opez et al. 2009; Kamdem et al. 2013) , or a carcinopreventive (Sousa et al. 2004; Weidner et al. 2015) agent.
The relevant literature on this species in the biochemical and pharmaceutical fields contrasts with the limited available data on the agronomy of the crop. Some papers can be found on several aspects of cropping technique, but they are usually studies of short duration and the majority are published in national journals, rarely in English, containing limited data and not easily accessible to the international scientific community. There can be found agronomic studies on lemon balm focused on cover cropping strategies (Biasi et al. 2009 ), harvesting regimes (Blank et al. 2005; Le on-Fern andez et al. 2008; May et al. 2008) , and water requirements (Ghamarnia, Mousabeygi, and Arji 2015) . However, crop fertilization has probably been the agronomic aspect that has received the greatest attention. Studies can be found on lime application (Blank et al. 2006) , organic amendment (Santos et al. 2009; Sodr e et al. 2013) , and mineral fertilization by combining diverse rates of the major nutrients (Blank et al. 2006; May et al. 2008; Sodr e et al. 2013; Sharafzadeh, Khosh-Khui, and Javidnia 2011; N emeth-Z amborin e et al. 2015) . These studies usually seek to assess the effect of manures and fertilizers on biomass yield and/or essential oil production, but there are other important aspects such as nutrient concentration in plant tissues. Unlike for most other crops, critical sufficiency ranges or threshold values, which are essential for establishing a proper fertilization program, are not available for this species. It should be noted that Bryson et al. (2014) compiled sufficiency ranges for more than 2,000 cultivated species, from herbaceous crops, fruit growing, forestry and ornamentals, but they did not include lemon balm. As far as we know, such data is currently not available for a crop with such economic potential and broad distribution as the lemon balm. In practice, if a farmer wanted to monitor the nutritional status of this crop, or to establish a fertilization program based on plant analysis, it would not be possible due to the lack of leaf nutrient concentration standards for the interpretation of results.
This work was carried out with the aim of fulfilling four main objectives: i) to assess the effect of four individual important nutrients [nitrogen (N), phosphorus (P), potassium (K), or boron (B)] on crop dry matter yield in a varied range of conditions; ii) to establish threshold leaf nutrient concentrations and sufficiency ranges for N, P, K, calcium (Ca), magnesium (Mg), B, copper (Cu), iron (Fe), zinc (Zn), and manganese (Mn); iii) to set a sufficiency range for SPAD-readings, a N nutritional index that can be obtained with a portable device without the need for sending plant samples to the lab; and iv) to estimate crop nutrient removals in the harvested biomass, an important parameter in fertilizer recommendations since it may indicate the needs of the crop.
Materials and methods

Study site
The experiments were carried out in Bragança (41 48 0 N, 6 44 0 W), NE Portugal. The region of Bragança benefits from a Mediterranean type climate, somewhat influenced by the Atlantic regime. The mean annual air temperature and annual precipitation in the period 1971-2000 were, respectively, 12.3 C and 758 mm. Mean monthly temperatures and precipitation recorded during the experimental period are presented in Figure 1 .
The experimental apparatus included four field trials that took place in 2013 and 2014 and eight pot experiments carried out in 2013 (1), 2014 (3), and 2015 (4). The field trials were carried out in a Leptosol (WRBSR 2014) originating from a bed-rock of schist. The cultivated plot was prepared in terraces to reduce the slope and to facilitate cultivation. The properties of a soil sample from this field and also from the soils used in the pot experiments are presented in Table 1 . 
Experimental designs and crop management
The field trials were carried out over two years, during the growing seasons of 2013 and 2014, in a commercial field organically managed. They consisted in N (FieldN . Each individual plot consisted of six rows 2.8 m long. The ground was covered with a plastic anti-weed mat punched with holes spaced at 40 £ 40 cm which defines the planting density. The field was drip-irrigated from May to September. The nutrients were supplied as a nutrient solution prepared from fertilizers authorized for organic farming. To supply the nutrients required in the experimental design the commercial fertilizers fosfigen (0:30:20), organihum P (8% P 2 O 5 , 2% N), organihum K (30% K 2 O, 2% N), organihum nitro (8% total N), and neobor (15% B) were applied. The concentrations of the nutrient solutions were established by taking into account the plant spacing, the rate of nutrients to apply per hectare, and the volume of nutrient solution applied to each plant (50 mL). To reduce the salt effect and to increase nutrient use efficiency, the total amount of nutrients was split in four applications thereabout monthly spaced. After being prepared the nutrient solution was poured into the holes of the mat surrounding the plants.
In 2013 a pot experiment was carried out. It consisted of an N fertilization experiment (PotN2013) arranged as a completely randomized design with four N rates (0, 0.45, 0.90, 1.35 kg N pot
¡1
) and six replications (six pots). All the pots also received 0.90 g (P 2 O 5 ) and (K 2 O) pot ¡1 and a mixture of macro and micronutrients in a commercial formulation marketed as oligomag (10% MgO, 0.3% B, 18.5% SO 3 , 0.3% Cu, 2% Fe, 1% Mn, 0.02% Mo, 1.6% Zn) applied at a rate of 0.08 g plot
. The fertilizers used were the same as those in the field experiment. The pots were filled with 4 kg of dry and sieved (mesh of 2 mm) soil mixed with 15 g perlite kg ¡1 dry soil. The fertilizers were added as a nutrient solution split into four applications during the growing season. The pots were placed in holes in the ground lined with PVC pipe to protect the walls of the pots from direct sunlight and to avoid overheating of the rhizosphere. Cuttings of 8-12 cm height were transplanted on 21 March. During the growing season the pots were watered as necessary to allow normal plant growth.
In 2014, three pot experiments were carried out one for each of the nutrients N (PotN2014), P (PotP2014), and K (PotK2014). They consisted of completely randomized designs with four N (0, 0.8, 1.6, and 2.5 g pot ] rates, and ten replications. The experiment of a given nutrient (N, P, or K) received the other two as a basal fertilization plan, consisting of 1.6 g pot ¡1 of N, P (P 2 O 5 ), and K (K 2 O). The N, P, and K pots also received 0.08 g of oligomag. The nutrients were supplied as a nutrient solution prepared with the fertilizers used in the field trials and PotN2013. The experiment was started on 8 May from cuttings of 8-12 cm height. All other aspects of the fertilization plan and crop management were similar to that reported for PotN2013.
In 2015, four pot experiments were carried out, one for each of the nutrients N (PotN2015), P (PotP2015), K (PotK2015), and B (PotB2015). They were arranged as completely randomized designs with four rates of N, P (P 2 O 5 ), and K (K 2 O) (0, 1.6, 3.2, and 6.4 kg pot ¡1 ), and also four B (0, 32, 64, and 128 g pot ¡1 ) rates and three replications. The basal fertilization plan was composed of 2.4 g pot
of N, P (P 2 O 5 ), and K (K 2 O) and 0.08 g of oligomag. The B experiment did not receive oligomag, since it also contains B. The nutrients were supplied as fertilizers ammonium nitrate (34.5% N), superphosphate (18%, P 2 O 5 ), potassium chloride (60%, K 2 O), neobor (15% B), and oligomag. The high rates of fertilizers used in this experiment [estimated as 400 kg N, P (P 2 O 5 ) and K (K 2 O) ha ¡1 , after taking into account a planting density of 62,500 plants ha ¡1 ] aimed to strongly increase leaf nutrient concentrations allowing the establishment of higher limits of sufficiency ranges. The preference for conventional fertilizers was due to their higher solubility and availability to plants. The fertilization plan was split into four applications during the growing season. The pots were filled with 15 kg of dry and sieved (2 mm mesh) soil mixed with 15 g perlite kg ¡1 dry soil. The pots were also placed in holes in the ground lined with PVC pipe to prevent direct sunlight reaching the walls of the pots.
Sample collection and tissue analyses
In the region, lemon balm is usually managed on a regime of multiple cuts during the summer growing season. In winter, the plants undergo a resting period due to the winter frost. In the field trial, the plants were harvested three and four times, respectively in 2013 and 2014. The dates of sampling were 15 July, 2 September, and 4 November in 2013 and 7 May, 25 June, 12 August, and 6 October in 2014. In each cut, six plants from the inner rows of the plots were randomly selected. A subsample of young mature leaves was used for elemental analysis to serve as the standard tissue for the establishment of the sufficiency ranges. The remaining sample was separated into leaves and stems and used to estimate dry matter yield and plant nutrient recovery. The plants were cut at »10 cm from the ground on early flowering. All tissue materials were oven dried at 65 C, weighed and ground. Tissue analyses were performed by Kjeldahl (N), colorimetry (P and B), flame emission spectrometry (K), and atomic absorption spectrometry (Ca, Mg, Cu, Fe, Zn, and Mn) methods.
Plants of the pot experiment of 2013 were harvested four times during the growing season, on 7 May, 11 June, 12 August, and 4 October. The dates of sampling in 2014 were 23 June, 30 July, 10 September, and 23 October. In 2015, the dates of sampling were 22 June, 5 August, and 27 November. The harvesting method, pre-treatment of plant samples, and tissue analysis were the same as reported for the field experiment.
Estimates of greenness or relative chlorophyll content in plant leaves were recorded by using the portable SPAD-502 plus chlorophyll meter (Spectrum Technologies, Inc., Plainfield, IL, USA). The tool estimates the SPAD-readings from the amount of light transmitted by the leaf in two wavelength regions in which the chlorophyll pigments absorb (650 nm, red light) and do not absorb (940 nm, infrared light) the radiation passing through the leaf. The readings were taken from the blade of fully expanded young leaves. SPAD readings were taken from the field experiments on 2 September 2013 and 7 May, 25 June, 12 August, and 6 October 2014 and from the pot experiments on 22 June, 5 August, and 27 October 2015.
Data analysis
The effect of the fertilizer treatments on dry matter yield of stems, leaves, and total was subjected to analysis of variance (ANOVA). When significant differences among treatments occurred, the means were separated by the Tukey HSD test (a D 0.05) .
Critical nutrient concentration is defined as the point in the curve of the relationship between tissue nutrient concentration and yield below or above which there is, respectively, a high or low probability of obtaining a positive response of the crop if more nutrient is applied (Rodrigues et al. 2005) . Based on that relationship, a critical toxic (or excessive) tissue nutrient concentration can also be defined. To establish sufficiency ranges, tissue nutrient concentrations were divided into three classes: deficient; adequate; and excessive. The boundaries of the adequate range are set by the threshold values defined above. In this work, when a positive response to a given nutrient is found, critical nutrient concentrations were determined by the graphical method of Cate-Nelson (Cate and Nelson 1971) , modified by declaring the horizontal line at a fixed value (Rodrigues 2004) . From the relationship between leaf nutrient concentration and relative yield, a horizontal line was fixed at 90% of relative yield, and the vertical line was free to keep the greatest amount of points in the positive quadrants. The Cate-Nelson technique is usually used in these kinds of studies since it can overcome the difficulty in obtaining a good relationship between tissue nutrient concentration and yield. Relative yields were estimated as the percentage of the maximum yield obtained in each individual experiment. The procedure allows removing most of the experimental variability and comparing critical values from a wide range of conditions. The sufficiency ranges of nutrients for which a response from the crop was not found, or those not included in the experimental design, were estimated by removing 10% of extreme high and low points of the scatterplot, since they probably are outliers associated with experimental error.
Crop nutrient removals were estimated from the highly productive plots of each experiment by multiplying dry matter yield and tissue nutrient concentration after plant samples had been split into leaves and stems, weighed and analyzed separately. The results were expressed per ton of dry biomass.
Results
Crop response to fertilizer application
Lemon balm dry matter yield significantly increased in response to N application on almost all the sampling dates of the field trial and pot experiments. Data of the field trial of 2014 are presented in Figure 2 . Leaf and total dry matter yields increased respectively from 9.0 to 15.3 g plant ¡1 and 35.8 to 55.2 g plant ¡1 from the control treatment of the highest N rate. In the pot experiments, the response of lemon balm to N application followed a similar trend as observed in Figure 2 . However, in the PotN2015, where a treatment consisting of a very high rate of N was included, a plateau was observed where leaf and total dry matter yields did not increase with increased rates of applied N (Figure 3) .
Lemon balm did not respond to P fertilization. In a total of 14 cuts of biomass, corresponding to the four P fertilization trials, no significant response to P application was found. The same occurred for K fertilization. In this study, no significant response by lemon balm to applied K was found, either in the field trial or in the pot experiments. Plants did not respond to B fertilization. However, when B was applied at excessively high rates (PotB2015) a significant decrease in dry matter yield was found (Figure 4 ). In the treatment consisting of 128 mg B pot ¡1 only 3.8 and 5.7 g plant ¡1 , respectively of leaf and total dry matter were recorded while in the control treatment much higher values were found, respectively 24.2 and 49.5 g plant ¡1 .
Sufficiency ranges
Critical leaf N concentration, which corresponds to the lower limit of the sufficiency range for N, was set as the average of the critical or threshold values of 18 plots obtained from the relationship between leaf N concentration and relative dry matter yield. The procedure is exemplified in Figure 5a by using data from the harvest of 23 June of the pot experiment of 2014. The values of all the 18 plots varied from 22 to 31 g kg ¡1 averaging 27 g kg ¡1 . Critical leaf N concentrations for the individual plots remained stable, below and above average over time, which gave 27 g kg ¡1 for the lower limit of the sufficiency range for the entire growing season. The critical excessive leaf N concentration was set as the average of leaf N concentrations of the plants receiving an excessive rate of N. From the pot experiment of 2015, data of the harvest of 27 October is presented in Figure 5b as an example. By using data from all the harvests of this pot experiment, an average value of 40 g kg ¡1 was estimated which became the proposal for the higher limit of the sufficiency range for N.
Lemon balm did not respond to P application. The sufficiency range for P was established by removing »10% of values away from the center of the scatterplot, which probably are outliers associated with experimental error. From the individual plots it was observed that leaf P concentrations consistently increased from the first to the last harvests over the growing season. Thus, the harvest dates were separated into two groups, from May to August and September to November. The two scatterplots used to set the sufficiency ranges for P are presented in Figure 6 .
As observed for P, no significant response by lemon balm was found to K application. Leaf K concentrations also tended to increase throughout the growing season. Thus, the sufficiency ranges for K were estimated as reported for P (Figure 7) .
In this study, considering all the experiments and dates of cut, no positive response to B application was found. However, when excessive B rates were used, aimed at establishing the higher limit of the sufficiency range, a significant decrease in dry matter yield was found (Figure 4) . In this particular situation, critical leaf B concentration was set as the average of the lower values of all the B0 (B zero) treatments. The value found was »18 mg B kg ¡1 , this being the value proposed for the lower limit of the sufficiency range. From the pots excessively fertilized with B, a decrease in dry biomass yield was found when the leaves contained between 75 and 150 mg B kg ¡1 . The harvest of 5 August of the PotB2015 (Figure 8) shows one of those situations. The average of all the dates of cut gave 125 mg B kg ¡1 , a leaf B concentration which will become the proposal for the higher limit of the sufficiency range.
The methodology for establishing sufficiency ranges for the nutrients analyzed from plant tissues, but not included in the experimental design (Ca, Mg, Cu, Fe, Zn, and Mn), was the same as reported for the nutrients for which a response by dry matter yield to nutrient application was not found. Approximately 10% of the values positioned away from the center of the scatterplot were removed. This was to avoid incorporate outliers associated with experimental error, maintaining only those in . Sufficiency ranges for leaf P based on removing »10% of values away from the center of the scatterplot. Two set of data were established taking into account the variation in leaf P concentration observed during the growing season. Data were grouped into May, June, July, and August (left) and September, October, and November (right).
the range where the probability of occurrence is much higher. The scatterplots establishing the sufficiency ranges for Ca, Mg, Cu, Fe, Zn, and Mn are presented in Figure 9 .
To set critical SPAD-readings the Cate-Nelson technique was applied to a total of eight plots. That corresponding to the harvest of 6 October of the field trial of 2014 is shown in Figure 10a . A value of 30 was found as the average of the eight plots, being the proposal for the lower limit of the sufficiency range. The higher limit of the sufficiency range was estimated as the average of SPAD-readings of the plots excessively fertilized with N. The procedure is presented in Figure 10b . The estimated value was 45 which is proposed as the higher limit of the sufficiency range. Table 2 summarizes the sufficiency ranges established for macro and micronutrients and SPAD readings. In the case of P and K, different sufficiency ranges were proposed for the first and second halves of the growing season since leaf concentrations of both the nutrients increased as the growing season progressed.
Crop nutrient removal
Crop nutrient removals were estimated from the plants grown in the most productive plots, multiplying leaf and stem dry matter yields by the nutrient concentrations in the respective plant part. The results were expressed as kg (macronutrients) or g (micronutrients) per ton of dry biomass (Table 3) . The total removals of macronutrients per ton of dry biomass in a cultivated field of lemon balm were estimated in 27.7, 2.2, 16.9, 9.2, and 4.7 kg, respectively, for N, P, K, Ca, and Mg. 
Discussion
Dry matter yield of lemon balm significantly increased with N applied as a fertilizer on almost all the harvest dates of the field and pot experiments. A previous study in Brazil had also shown that lemon balm responded almost linearly to relatively high N rates (180 kg ha ¡1 ) (May et al. 2008) . From an experiment carried out in Iran, N emeth-Z amborin e et al. (2015) reported that a moderate N rate (90 kg ha ¡1 ) was enough to maximize dry matter yield and essential oil content in the biomass. The response to applied N is the most common result from agricultural crops. Studies from the region of Bragança have shown positive responses to applied N in several herbaceous and perennial tree crops, such as potato (Solanum tuberosum L.) (Rodrigues et al. 2005) , maize (Zea mays L.) (Rodrigues et al. 2006), Jerusalem artichoke (Helianthus tuberosus L.) (Rodrigues et al. 2007) , stevia [Stevia rebaudiana (Bertoni) ] (Rodrigues et al. 2016) , and olive (Olea europaea L.) (Rodrigues et al. 2011) . This is likely due to the fact that N does not accumulate in soils in readily available forms to plants. N should be applied annually as fertilizers or manures to agricultural soils or be allowed to enter the soil through a natural process, such as biological dinitrogen fixation (Rodrigues et al. , 2015 .
Lemon balm did not respond to applied P and K. Sharafzadeh, Khosh-Khui, and Javidnia (2011) also did not find an increase in dry matter yield of lemon balm in response to P application. However, the authors reported a positive effect on lemon balm dry matter yield from a NP treatment. N emeth-Z amborin e et al. (2015) also reported positive effects on dry matter yield of lemon balm from applied P and K, but in combination with other nutrients, respectively in NPMg and NPKMg treatments. There are no studies reporting the effect of the application of B on lemon balm. In the present study, a positive response to the applied B was not found. However, B is a frequent nutritional disorder in the region, mainly in dicots when rainfed-managed (Arrobas et al. 2010; Portela and Louzada 2012) . Since lemon balm was watered during the summer growing season, probably the irrigation water had supplied enough B to reduce the response to B applied as a fertilizer. Excessive B rates severely damaged the crop and reduced dry matter yield. It is well-known that the sufficiency ranges for B are usually narrower than those of other nutrients which increase the risk of B toxicity (Gupta 1993; Nable, Bañue-los, and Paull, 1997) and may explain the result that was obtained. Studies using manures have reported an increase in lemon balm performance and in essential oil concentration in plant tissues (Santos et al. 2009; Sodr e et al. 2013 ), probably as a result of nutrient release, particularly N, and an improvement in general soil fertility.
Threshold values or sufficiency ranges for lemon balm are not yet available in the literature. Even elemental analysis of plant tissue can hardly be found from previous work. Blank et al. (2006) , from a pot experiment carried out in a greenhouse, reported leaf nutrient concentrations in plants subjected to a complete fertilization plan (NCPCKCSCBCCuCFeCZnCliming) and to other fertilization treatments where each one of the nutrients were individually removed. In general, all the nutrients analyzed fell within the sufficiency ranges that are reported in the present work. From a brief comparison of the sufficiency ranges proposed here for lemon balm with those reported by Bryson et al. (2014) for some major herbaceous (winter wheat, potatoes, …) or perennial (vine, olive, …) crops widely grown in the region, it is possible to note that the order of magnitude is similar but with specific differences for individual nutrients or species.
Crop nutrient removal is a function of aboveground dry matter yield and tissue nutrient concentration, data for which does not seem to be available in the literature for lemon balm. There are studies, although few, reporting dry matter yield of lemon balm in different growing conditions, such as field, greenhouses, and pots (May et al. 2008; Luz et al. 2014) . Comparing the results of those authors to these here reported and expressed on an area basis, they are not very dissimilar. It is expected that dry matter yield can greatly vary across the world, depending on the general growing conditions. To overcome the situation and increase the worldwide potential use of the present data, crop nutrient removals are here expressed per ton of dry biomass.
Conclusions
Lemon balm showed a strong response to N applied as a fertilizer in the conditions of these experiments, which means that the crop should be properly fertilized to achieve high yields. In contrast, there was no significant response to applied P, K, or B. Sufficiency ranges for ten essential nutrients were made available, which will allow the diagnosis of the nutritional status of lemon balm by means of plant analysis by comparing actual leaf nutrient concentrations with the sufficiency ranges here reported. These values are valid for phenological stages close to the time of commercial harvest. Data of crop removal for ten important macro and micronutrients were also provided, which can help in establishing fertilizer recommendations for this crop, since crop nutrient removals provide a direct measure of crop needs.
